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1. Introduction

ANALYSIS OF IMPACT FRACTURE PHENOMENA BY MEANS OF THE
SHADOW OPTICAL METHOD OF CAUSTICS

J. F. Kalthoff, W. Bohme, and S. Winkler

Fraunhofer-Institut fur Werkstoffmechanik
Rosastrasse 9
7800 Freiburg/Brsg., West-Germany
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Abstract

The shadow ontical method of caustics i1s applied for investigating
the fracture behavior of cracks under impulse loads. The loads are
produced by a drop weight or by an impinging projectile. Results on
the dynamic stress intensity factors before, at, and after onset of
crack propagation are discussed for the different loading rates ob-
tained.
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In static fracture mechanics crack tip stress intensity factors can easi-
ly pe determined from external measurements of loads or displacements. In
fracture dynamics the situation is more complex due to additional time
effects. Correct dynamic stress intensity factors are qbtained by direct-
ly evaluating the local stress strain fiefd around the crack tip. The
shadow optical method of caustics is an appropriate exnerimental tool for
measuring stress intensifications since the method is sensitive to stress
gradients near the crack tip. The physical principles of the caustic
technigue are described. The method is applied to analyse the fracture
behavior of cracks under different conditions of impact loading.

2. The Shadow Optical Method of Caustics

The method of caustics was originally introduced by Mannrg [1,2] in 1964.
Later on, Theocaris [3] further developed the technique. The authors and
their coworkers extended and applied Mano 'g's method for investigating
dynamic fracture phenomena [4-8].

The physical principle ot the method is illustrated in Fig. 1. A pre-
cracked specimen of a transparent material under load is illuminated by
a parallel light beam. A cross section through the specimen at the crack
tip is shown in Fig. 1b. Due to the stress concentration at the crack tip

148
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Fig. 1 Physical principle of the shadow optical method of caustics

both the thickness of the specimen and the refractive index of the ma-
terial are reduced. Thus, the area surrounding the crack tip acts as a
divergent lens and the light rays are deflected outwards. As a conse-
quence, in an image plane at a distance z, behind the specimen a shadow
area is observed which is surrounded by a region of light concentration,
the caustic. For optically isotropic materials a single caustic is ob-
tained, for optically anisotropic materials the caustic splits up into
a double caustic. The method can also be applied with non-transparent
materials such as steels when used in reflection.

The mode I shadow pattern was calculated by Manogg [1] from the linear
elastic stress strain field around the crack tip. Fig. 2 compares the
results with shadow patterns photographed in transmission and in re-

flection with different materials. Quantitatively the diameter of the

OPTICALLY 1SOTROPIC OPTICALLY ANISOTROPIC

MATERIAL

MATERIAL

PMMA HIGH STRENGTH STEEL ARALDMTE B
ITRANSMISSION ) (REFLECTION) ! [TRANSMISSION )

Fig. 2 Mode [ caustics
149
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caustic is a function of the stress intensity factor, :ﬂj

2+ 2 5/2 o

= fNeT
KI 2 Do i (1)

s/
3 f0,1' ¢ deff %
where

KI = Mode I stress intensity factor,

fo i s numerical factor for outer/inner caustic,
*

v %
L

]

]

]

]

]

’ Do i = diameter of the outer/inner caustic,

9’
, C = photoelastic constant,

PR AL

deff = effective specimen thickness,

¢ 1
.

oy 4y

2

d = total specimen thickness,

LI
gty

o\
!
v‘b~
#!

z, = distance between specimen and image plane.

: . . . S N S S S
Numerical values of the constants which appear in formula (1) are given .i\jugxxxfu
in Table 1 for different materials. The formula is correct for station- . N f
ary cracks under both static and dynamic loading conditions, but it can NN

Ay &
Fl

also be applied for propagating cracks with an accuracy sufficient for
engineering purposes. Further details are given in [8,9].

s ¥ ¢ § ¥ %/ 7 7

TABLE 1 - Constants for Caustic Evaluation

Elostic Constants Shadow Opticai Constants Etfective
Thickness

tor Plane Stress tor Plane Strain

Youngs Posson's
Modulus Ratio 3 to 1 ¢ to f, dett

Matenai MN/m? méIN m2/N

TRANSMISSION 1z,< 0}
Ophcallz Antsotropic

«"HEE A 4 LT A SN TR

Acaldite B 3660°  0332° -0970x10°0 331 305 -0580x10°'0  34r 299 d

cR-19 2580 044  -1200x10°C 325 310 -0560x10°7'0 333 304 a
Plate Glass 73900 02 S0027 %00 343 298 -0017xWC 362 297 9
Homalite 100 4920° 0310 -0920x1070 323 311 -076T k100 3% 310 a

g Optically Isotropre

, Jotically sotropre.

y PMMA 3240 0350 -1080x10°0 n -0750x 107 mn a

g
REFLECTION (24>0)
Alt materials € v 2vIE n - - d/2

For cracks subjected to a combined mode I mode II loading the caustic
becomes unsymmetric, as it is shown in Fig. 3. The stress intensity fac-
tors KI and Kll are then determined by the two diameters Dmax and Dmin
defined in the figure flo,11].
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The specimens were made from a mndel material, the epoxy resin ‘raldite
B. This material 1is well suited for dynamic investigations since the
mechanical and optical properties of the material vary only very little
with loading rate [8]. Either naturally sharp cracks or blunted notches
were utilized. The shadow optical technique was applied in transmission.
The caustics were photographed with a Cranz-Schardin 24 spark high speed
camera. Prior to impact the drop weight or the projectile interrupts a
laser beam thus providing the signal to trigger the high speed camera. A
typical series of shadow optical photographs is given in Fig. 5. Only
12 of the total 24 pictures are reproduced. The photograpnhs show the
precracked center part of a specimen loaded by an impinging projectile
(see also Fig. lo).

Fig. 5 Shadow optical photographs of a precracked specimen loaded by an
impinging projectile (see also fig. lo)

3.1 Drop weight loading

specimens of size 650 x 118 x 10 mm with initial notches of 35 mm were
impacted by a drop weight 0o 1.4 kg at a velocity Vo of 5 m/s. The sup-

port span was 472 mm. The results of two experiments are shown in Fig. b.

The dynamic stress intensity factor K?yn {upper diagram) and the crack
length a (lower diagram) are plotted as functions of time t. The taimes
are given in absolute units and in two relative units, TL and t. Tl s
the time it would take a longitudional wave to travel a distance given

by the crack length a. t is the period of the oscillation of the impacted

bend specimen determined by a formula given by Ireland [12]. In addition

152
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under drop weight loading

at the tup of the striking hammer is also shown in Fig. 6.

0 00 300 00 500 us
~ 1123 /80T, f0ut ~
S O .
SIATONARY CRACK I cracx f wmomauaTiOn |
+ P Moma !
Araidits B !
: — e ———— ———— e
o 00 200 300 400 500 us $00
] 0T, 271, 0T, 0T
Qzt 04T a6t
TIME t

Fig. 6 Ffracture behavior of a precracked bend specimen

to the stress intensity factor the load PH measured by a strain gage

The start of the stress intensity factor curve is delayed with regard
to the 1oad curve. This is due to the different wave propagation paths
between the point of impact and the positions where the respective sig-
nals were recorded. The critical stress intensity factor for onset of
crack propagation, i.e. the dynamic fracture toughness KId’ is about
0.67 MN/m”" .

This value is only somewhat smaller than the static frac-

dyn

steep than before instability.

ture toughness KIC = 0.70 MN/m:"I2 for this batch of material. The time
to fracture te measured from the beginning of crack tip loading til
the point of onset of propagation is 123 us or 8.8 TL or 0.14 t.

After the crack has become unstable the crack velocity steadily in-
creases up to a rather high value of 310 m/s. During this phase of
crack propagation the dynamic stress intensity factor continues to
grow, but the slope of the KI (t)-plot after crack initiation is less

In instrumented impact tests the dynamic fracture toughness KId is usu-
ally determined from the hammer load at the moment of instability,
PH(t=tf), utilizing conventional static stress intensity factor formu-
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las originally derived for bend specimens subjected to quasistatic load-
ing. If KId wouid be calculated in a formal manner according to this
procedure an unrealistically high value of 12 MN/m"" would be obtained
[13]. This result indicates the strong influence of dynamic (inertia)
effects associated with impact experiments, in particular for short
times to fracture (tf < T).

Further experiments have been performed with an increased observation
time. Fracture was delayed by utilizing blunted initial notches and a
rather low impact velocity of 0.5 m/s. The experiments have been per-
formed with specimens of size 412.5 x 75 x 10 mm which were struck by a
hammer of 4.9 kg at a support span of 30U mm. In Fig. 7 the shadow opti-
cally determined dynamic stress intensity factors are shown during load-
ing of the stationary crack for times up to about 5 1. These data are
compared to the static stress intensity factor_K?yn(PH) calculated from
the load PH registered at the tup of the striking hammer utilizing con-
ventional static stress intensity factor formulas from ASTM E 399.

The K?tat-valueﬁ show a strongly oscillating behavior, wnereas the actual

dynamic stress intensity factors K?yn show a more steadily increasing
tendency. For small times these differences are very pronounced, in par-
ticular K?tat << K?yn (see before). With increasing time, the differ-
ences become smaller but within the observation time the influences of
dynamic effects obviously did not vanish and there are still marked

stat dyn

differences between KX and KI . In a method for measuring the dynam-

ic fracture toughness values KId in instrumented impact tests [141 it is

stat

assumed that for times larger than 3t KI -values would represent a

good approximation of the actual dynamic stress intensity factor K?yn.
These data, however, indicate that a static analysis is not adequate to

describe the loading condition in the specimen, even for times t > 3t.

A1l drop weight experiments showed an interesting feature in their crack
propagation paths. At the end of the crack propagation event the crack
propagation direction was not straight any more, but a characteristic
deviation to the left or to the right hand side of the original crack
path was observed. Herrmann [15] speculated that this behavior results
from stress waves reflected at the free ends of the specimen. The effect
obviously depends on the time for the crack to propagate through the
specimen: the deviation becomes more pronounced for faster propagating
cracks initiated from notches of increased bluntness. The change of the
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. loading. Due to this mixed mode loading the crack deviates from its -
original direction in the subsequent step of crack propagation.
3.2 Impingin j i -
lL mpinging projectile .‘;.:\:_;:{_
.::' Specimens of size 400 x 100 x 10 were impacted by a projectile of 200 mm :a:f:.r:.-::
;, length and 50 mm diameter. The length of the initial crack was 26.5 mm. ':::-":};
i Both specimen and projectile were made from the same material, Araldite B. ATl
) . . PO ARV
The projectite was accelerated by a gas gun operated at a very low gas 4_.&..!_1_..;_‘_‘.
i‘ pressure. Thus, the impact velocities in these experiments were in the
N range of 10 m/s only. By the impinging projectile a compressive stress
::: wave is initiated which propagates into the specimen. After passage of
';: the compressive stress pulse through the specimen and refiection at the
. free rear end of the specimen the crack is loaded by tensile stresses. -
¥y Shadow optical recordings of these processes have been made by Theocaris s
f.: et al. {16]. Information on the gross loading condition in the specimen .‘:
:_'- at the location of the crack was obtained from a strain gage which was S
. A
- positioned on the ligament 47 mm ahead of the crack tip (Position A). )
. . - . . . . . *,
A typical strain gage signal 1s shown in Fig. 9. The arrival time of -
‘. the compressive stress pulse at the location of the strain gage has ;‘»*_': A
". been set equal to zero in this diagram. For a period of 280 us the ::.:;:‘;\i::":
x crack is loaded by compressive stresses; only later on tensile stresses ':-:..V'.-“;
'; are built up. The crack tip behavior under censile loading was studied e '\4-,
! o
= by caustics. The high speed camera was operated with a suitable delay R
" 20
‘- lr STRAIN () E !
$‘ WwPACT Gace l
'.." z DIRECTION 2 gi
w'c 10 2
N o T cnmurz 1
!
£
. p 3
>l ~ 0
e <
-_’ ©
= g |,
. & -0t 3
. .
X
3 S @ seams @
. 20
AN
~° — L
LY 0 100 200 300 400
_\: TIME t, ps
Al
Fig. 9 Stress pulse produced by an impinging projectile
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time; the recording times of the 24 shadow optical pictures are shown
in Fig. 9 also.

Quantitative data of the shadow optical photographs (see Fig. 5) are
given in Fig. 10. The dynamic stress intensity factor K?y" (upper dia-
gram) and the crack length a (lower diagram) are given as functions of
time t. Similar as in Fig. 6 the times are given in absolute units but
also in relative units by normalization with the time TL. For comparison

the load record from the strain gage is also shown in [ig. 10. Due to

10
PROJECTILE
IMPACT
5 aof 18
SSE dyn ;
£ 3 L K,y 6 -
a8 e
Ei. INITIATION
ag10f Ky 1 ¢ g
¢y «
b v
35 - 12
g a 0:2%5 mm
w =106 ps
oo e i A i A °
300 . %0 M0 ps 350
b ty: 2908 277k

&0

% STATIONARY CRACK ————f—CRACR

3 E B

e E

[ad -

B 9
0F

8

o= Spark No 6 8 e o Argidite B
. L vt eeteg¢ | . A

20 300 320 U0 s 360
[+ 21 &T (24 8T,

TIME ¢t

Fig. 10 Fracture behavior of a precracked specimen
loaded by an impinging projectile

inertia effects the loads oA(t) and the dynamic stress intensity fac-
tors K?y"(t) are not proportional to each other. As with drop weight
experiments KId-values calculated in a formal manner from the stress
oA(t=tf) at the moment of instability utilizing conventional static
stress intensity factor formulas would severely overestimate the tough-
ness of the material. The shadow optically determined values of the
critical stress intensity factor for onset of crack propagation were
realistic. But the scatter of data obtained in a series of experiments
with similar impact velocities was rather large. In particular Kld-vm-
ues larger than the static fracture tougnness K, were obtained (see
also Fig. 10). The time to fracture was considerably smaller in these
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experiments than in the drop weight experiments, tf =29 us or 2.7 TL’
i.e. the time to fracture became comparable to the information time of
the crack length. It is speculated that stress intensity factors larger
than KIc might result for such experiments with very high loading rates
because of incubation times which are needed to activate the instability
process. This speculation would be in accordance with a short pulse frac-
ture criterion developed by Kalthoff and Shockey in a previous publica-
tion [17]. More experiments are necessary to investigate these phenomena.

The onset of crack instability is clearly indicated in the crack length-
time plot. Within a very short period of time after instability the crack
has reached a very high steady state velocity v of 365 m/s. For some

time after the moment of crack initiation the slope of the K?y"(t)-plot
is as steep as before crack instability. Due to the high crack propagation

velocity and the steep increase of the dynamic stress intensity factor

Fig. 11 Crack branching observed under projectile loading

with time the fracture behavicr is different from the one obtained with
drop weight experiments. Crack branching (see fig. 11} is observed in
almost all the experiments after a relatively short phase of crack pro-
pagation.

4. Summary and Conclusions

The applicability of the shadow optical method of caustics for determin-
ing dynamic stress intensity factors has been demonstrated. Several
aspects of the fracture behavior of cracks loaded by a drop weinht or by
an impinging projectile have been investigated. The stress intensifica-
tion rates and the resulting fracture behavior were different for the
two conditions of impact loading. Even for the lower loading rates ob-
tained with drop weight experiments a strong influence of dynamic effects
on the loading condition before, at, and after crack instability can re-
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sult. Further information is necessary to fully understand the dynamic
processes associated with the fast impact loading of cracks.
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ON SOME CURRENT PROBLEMS IN EXPERIMENTAL FRACTURE DYNAMICS

J.F. Kalthoff
Fraunhofer-Institut fiir Werkstoffmechanik
Freiburg, West Germany

1. INTRODUCTION

The term fracture dynamics inciudes both crack tip motion effects and dynamic loading of

[ I AAAFG RN P X XN LA

cracks. Based on the research work at the Fraunhofer-Institut fur Werkstoffmechanik (IWM)

Cd

‘&

-",' several topics are discussed regarding the subjects (see Fig. 1): crack propagation, arrest of fact
.~ running cracks, time dependent loading in general, and loading of cracks by sharp stress pulses
! of short duration. Following the guideiines of the workshop, previous results are briefly summar-
rd

'

ized to state the current situation, but special consideration is given to still open questions and

»
L)

‘problems not yet resolved.

2. EXPERIMENTAL TECHNIQUE

Most experimental data reported in this paper have been generated by means of the shadow

optical method of caustics. The caustics technique is an optical tool for measuring stress inten-

, N S N T
PR AP

sifications. The method has been applied very successfully in the field of fracture mechanics for

»

o
e
.
e
S
N
~

.

determining stress intensity factors. Crack tip caustics are of a simple form and can easily be -

evaluated. The technique, therefore, is very well suited for investigating complex fracture prob-

PAAL AN ANRA WYY ) IEAD
L3

lems, as for example in fracture dynamics.

>

~ The physical principle of the shadow optical method of caustics is illustrated in Fig. 2. A pre-

) . . . .

E‘, cracked specimen under load is illuminated by a parallel light beam. A cross-section through the

b

E specimen at the crack tip is shown in Fig. 2b for a transparent specimen, and in Fig. 2c for a

e

,'.5 non-transparent steel specimen. Due to the stress concentration the physical conditions at the

E’_ crack tip are changed. For transparent specimens both the thickness of the specimen and the
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refractive index of the material are reduced. Thus, the area surrounding the crack tip acts as a

divergent lens and the light rays are deflected outwards. As a consequence, on a screen (image
plane) at a distance z, behind the specimen a shadow area is observed which is surrounded by a
region of light concentration, the caustic (see Fig. 3a). Figure 2c shows the situation for a non-
transparent steel specimen with a mirrored front surface. Due to the surface deformations, light
rays near the crack tip are reflected towards the center line. An extension of the reflected light
rays onto a virtual image plane at the distance z, behind the specimen results in a light confi-
guration which is similar to the one obtained in transmission. Consequently a similar caustic is
obtained. In Fig. 3b experimentally observed caustics are shown which were photographed in

traLsmission and in reflection with different materials.

The method of caustics was introduced by Manogg [1,2) in 1964. Later on, Theocaris (3}
further developed the technigue. The author and his co-workers extended and applied Manogg's
method for investigating dynamic fracture phenomena [4-7]. For further details of the technique
see [8,9).

3. DYNAMIC CRACKS
In this chapter dynamic effects associated with crack tip motion are discussed.
3.1 Crack Propagation

The stress intensification and the path stability of dynamically propagating cracks are con-

sidered in the following two sections.

3.1.1 Stress Intensity - Crack Velocity - Relationship Data on the dynamic stress intensity
factor as a function of crack velocity (K-v-curve) have been obtained by the author and his col-
leagues from many crack arrest experiments with various types of specimens made from the
model material Araldite B (see Fig. 4, and {4,5,10]). All data lie within a broad band. Large
scatter is observed for each type of specimen, but a tendency for lower or higher values is

observed when different types of specimens are considered. The large variations in stress
intensity for the same crack velocity could be due to modifications in the experimental
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conditions, which were unavoidable in the course of tﬁe investigations (e.g., due to different
- batches of material). Therefore, experiments were carried out under practically identical condi-
tions with DCB- and SEN-specimens (see Fig. 5). Two clearly separated K-v-curves were
obtained, the one for the DCB-specimen showing significantly higher (up to 20 %) values than
the one for the SEN-specimen. Additional experiments with a DCB/SEN-combination specimen

(see insert in Fig 6) confirmed these differences: Data measured in the DCB-section of the speci-

men fell on the previously measured curve for the DCB-specimen, and accordingly for the SEN-
section. It must be speculated, therefore, that K-v-curves are not unique, but dependent on speci-
I men geometry. Kobayashi,et al. [11] and Dally, et al. [12] measured similar data for the material
. Homalite-100 by means of photo-elastic techniques (Figs. 7 and 8). Kobayashi concludes that the

scatter in the data is an indication of the non-uniqueness of K-v-curves. Dally [12], however,

A argues that the different results are due to insufficiencies of the current data evaluation pro-

cedures and speculates that the K-v-relationship, in particular the stem of the curve, is unique.
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In the following paragraph it is assumed for the moment that K-v-curves are not unique. In

! order to discuss consequences of this assumption it is worthwhile to introduce and to distinguish =~ .0l
':' between the following two quantities: the dynamic stress intensity factor K{"™®, i.e,a pure stress
: field quantity and the dynamic fracture toughness K, i.e.,a material property. In an energy
! consideration, K{"® represents a measure of the energy which is available at the crack tip,
' whereas K represents a measure of the energy which is actually consumed at the crack tip for
N propagation. Experimental techniques as shadow optics or photoelasticity measure the stress
! intensity factor, Kf"™. The above discussion on the uniqueness or non-uniqueness, therefore,
first of all, applies for Kf™-vcurves. Thus, it is very well possible that the dynamic fracture AN,
. toughness Kip(v) is nevertheless represented by a unique curve. As a consequence, it would be
: necessary, however, to assume that the two quantities Kf"® and Kip can take different values.
E Km(v) could be the lower bound of all possible K™(v)curves, Kp(v) € Kf(v) (see schematic
i representation in Fig. 9). This would imply that more energy can be available at the tip of the
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propagating crack than is actually absorbed by the propagating crack.

The speculation of an imbalance between the dynamic stress intensity factor K{™ and the
dynamic fracture toughness Ky, raises several questions: Is a single parameter (K) description
adequate for dynamic fracture problems? Can there be different results if procedures for deter-
mining the dynamic stress intensity factor are based on different approaches: a localized con-
sideration of information obtained from a confined area around the crack tip (experimental tech-
niques) or a global consideration of total energy changes in the whole specimen (numericai tech-
niques)? Are there retardation effects if information at finite observation distances ahead of the
crack tip is utilized for determining the dynamic stress intensity factor? (See contribution of L.B.

Freund, this volume.)

More theoretical and experimental investigations are necessary to clarify these points. Experi-
ments have been performed by the author and his colleagues [13] to simultaneously measure
both quantities, the dynamic stress intensity factor, K{™, and the dynamic fracture toughness,
Kp, by two different techniques (see Fig. 10), The shadow optical technique was applied for
determining X{’®, and temperature measurements were performed to determine the heat produc-
tion at the tip of the propagating crack, which is a measure of the energy consumption {14] and
hence of the dynamic fracture toughness Ky, Preliminary results obtained from experiments
with high strength steel specimens are shown in Fig. 11. All data lie within a large scatter band,
but there is a tendency for Kf® > Kp at high crack velocities. More measurements with

improved accuracy are needed and are currently performed to get more definite results.

After this discussion based on the assumption that K-v-curves are not unique it shall be
assumed now that K-v—curves are ypigue. This would imply that the experimental techniques
are insufficient to resolve the uniqueness. In principle, the accuracy of evaluation procedures
which utilize information at finite distances away from the crack tip can be improved by incor-
porating higher order terms of the stress field around the crack tip. Work is carried out at [WM

in cooperation with colleagues from the University of Maryland to study the effects of higher
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order terms on the K-determination by caustics. The resulting changes in shape and size of caus- ::L‘ o

tics are shown in Fig. 12. Information on the absolute magnitude of the higher order coefficients

is necessary to give quantitative estimates on the conditions under which a one-parameter K-

y o
0 a0
et

e

cvaluation yields data of sufficient accuracy. The influences of higher order terms in general are

”

considered to be less severe in shadow optics than in photoelasticity. o

More fundamental research is needed to resolve the uncertainties regarding the uniqueness or

non-uniqueness of K-v-curves.

3.1.2 Crack Path- The crack propagation direction in brittle materials is controlled by the
mixed mode stress intensity factors K; and Kq (15,16]; the directional stability is determined by
the sign of the second order coefficient a; [17]. The formation of a definite crack branching
angle (see Fig. 13) is an example of crack propagation in such a direction that pure mode I load-
ing results: As was found by the author [18), the crack tip stress fields of the branches interact
with each other, leading to a mixed mode loading. The mode-II stress intensity factor varies in
magnitude and changes sign when different branching angles are considered. Accordingly,
branches with large/small angles attract/repel each other, and crack propagation in the preexist-

ing direction is possible only for a cnitical branching angle.

The crack propagation path in bend specimens, in particular under impact loading, shows
another interesting feature (see Fig. 14). When the crack approaches the rear end of the specimen
it slows down and the following crack path shows a charactenistic S-shaped deviation from the
original direction. High speed photoelastic investigations (see Fig. 15, [19]) reveal a change from
forward loops to backward loops, which occurs prior to the actual change in the crack propaga-
tion direction. (See Fig. 15, photographs for times > 420 us). Backward loops are an indication

of a positive value of the second order coefficient a,. Thus instability of crack propagation direc-

... \'N M

tion is expected according to Cotterell's theory [17]. Caustic investigations some time later, when

.
“ N

the crack has reached almost zero crack velocity, show a mixed mode loading (see Fig. 16, [7])

LR

o

which then initiates the change in the crack propagation direction. This problem is investigated
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further by studying the effect of stress wave interaction with the propagating crack.

3.1.3  Crack Arrest:  Stress wave effects were also found to have a significant influence on the
crack arrest process. Shadow optical investigations have shown (see Fig. 17, {4,5]): At the begin-
ning of the crack propagation event the dynamic stress intensity factor K{"™ is smaller than the
stress intensity factor of an equivalent stationary crack, K™ < K. This is due to elastic
waves which are generated by the propagating crack. Kinetic energy is radiated into the speci-
men. At the end of the crack propagation event, in particular at arrest Kf" > K™, since
waves after reflection at the finite boundaries of the specimen interact with the crack (see Fig
18) and contribute to the stress intensity factor. Only after arrest, the dynamic stress intensity
factor K{™ approaches the equivalent static stress intensity factor at arrest, K&, via an oscilla-
tion with damped amplitude. The wave effects during the run-arrest event initiate a vibration of
the total specimen. The observed experimental findings confirm the Battelle concept of

recovered kinetic energy {20,21].

Thus, a statically determined crack drrest toughness KE™® can not represent a true material
property. Only a dynamically determined crack arrest toughness, K{&®, or Ky, [5,21] can reflect
the true arrest behavior of the material. However, since dynamic effects in large scale structures
in general are smaller than in the relatively small laboratory test specimens, static crack arrest
analyses will yield conservative safety predictions {22}. On the basis of this understanding the
static crack arrest concept can be applied by the practical engineer. Crack arrest safety analyses
would be more widely used in practice if a standardized procedure for measuring the crack arrest

toughness K;, would have been released by ASTM already.

In order to minimize errors in the static crack arrest concept resulting from neglected
dynamic effects an RDE-(reduced dynamic effects)-specimen has been developed at [WM (see
Figs. 19 and 20). Edges and boundary of the specimen were shaped to reduce wave reflection
and to defocus reflected waves. Damping material and additional weights are attached to the

"wings® of the specimen to absorb kinetic energy and to increase the period of the
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eigenoscillation of the specimen in order to reduce the recovery of kinetic energy. Statically

AT

determined crack arrest toughness values K3* are shown in Fig. 21 for the RDE-specimen in At
KRR

comparison to data obtained with other crack arrest specimens. The dependence on crack jump :;,.
. .f"‘q-.‘lA
distance is about three to four times smaller for RDE-specimens than for the most commonly -i:‘,:::::
RN

B,

used C-specimen.

4. DYNAMIC LOADING OF CRACKS

The fracture behavior of cracks under time dependent loads in general is discussed in the fol-
lowing chapter. The loading times are assumed to be considerably larger than the time it takes
waves to travel the distance given by the crack length. Effects resulting for shorter load durations

are discussed in a separate chapter.
4.1 Time Dependent Loading

4.1.1 Stationary Cracks: A procedure [23] has been proposed to ASTM for measuring the
impact fracture toughness Ky4 of steels with precracked Charpy specimens. The procedure
assumes that dynamic stress intensity factors can be determined from loads registered at the tup
of the striking hammer via a static analysis, if the times of interest are larger than three times the
period 7 of the eigenoscillation of the specimen (see Fig. 22). A comparison of such stress inten-
sity factors, denoted K{™, with the actual dynamic stress intensity factors, K{"™®, determined by

shadow optics, is shown in Fig. 23, [6). The results were obtained with specimens of enlarged

size made from Araldite B or a high strength steel, tested under drop weight loading ai 0.5 m/s.
Marked differences were measured between K and K™, even for times t > 3 4. Furthermore,
such large times to fracture could be obtained only by utilizing low impact velocities. The speci-
men behavior was investigated further by also measuring the specimen reaction at the anvils
[24]. Figure 24 compares the load measured at the striking hammer (a), the stress intensity factor
measured at the crack tip (b), the load measured at the anvils (c), and the position of the speci-
men ends with regard to the anvils (d). The late registration of load at the anvil results from a

" loss of contact between the specimen ends and the anvils. This loss of contact can later occur for
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'Ej a second time and loss of contact can also take place between the hammer and the specimen (see
:-: Fig. 25). These effects demonstrate the strong influence of inertial effects during impact loading.
‘ It is concluded, therefore, that the determination of reliable impact fracture toughness values K4
: ) at reasonably high loading rates does require a fully dynamic evaluation procedure.
" Therefore, the author and his colleagues developed the dynamic concept of impact response
:: curves (see Fig. 26, and [25]): For fixed test conditions (i.c., specimen geometry, hammer mass,
< impact velocity, etc.) the dynamic stress intensity factor versus time relationship is determined

. by means of the shadow optical method of caustics with a high strength steel specimen. The _.'_ _
: K{"™ t-curve (impact response curve) applies for all steels,provided the conditions for small scale ::’E:::;
/ yielding are fulfilled. In the real test-experiment with the steel to be investigated, then only the \l'b};}:
- time to fracture is measured (e.g., by an uncalibrated strain gage near the crack tip). This time o
5 together with the preestablished impact response curve determines the impact fracture toughness
_\j value Ky. This procedure has been applied successfully with two structural steels (see Fig. 27) o

: impacted at 5 mys. Although fracture occurred at about 0.5 # only, the concept of impact o
E: response curves gave reliable data. (ﬁ
N PSRN
: Work is continued to extend this technique to increased loading rates. Data at loading rates ":-;\'\:
5 sufficiently higher than those obtained in drop weight experiments allow to discriminate between ';‘!'.'_")
) the following behavior: the existence of a minimum fracture toughness, a continuous decrease or \;::\:-
:.-‘ a final increase of toughness with increasing loading rate (see Fig. 28). Experiments were per- ;\E-;:;sg
‘? formed with a gas gun by firing a projectile against a precracked SEN-specimen (see Fig. 29). '*_"'j:"'f
:‘ After reflection of compressive stress waves at the free ends of the specimen, the crack is loaded -_\::‘E
b in tension (Fig. 30). Shadow optical analyses indicate dypamic fracture toughness values Kig ;3;‘{5;’;::}
: which are equal to or larger than the static fracture toughness K. (see Fig. 31). A toughness '!:i!
: increase with increasing loading rate, i.e., with decreasing time to fracture, was also observed by y w
R Ravi-Chandar and Knauss (26] with Homalite 100 specimens loaded by electromagnetic tech-
_'; niques (see Fig. 32). Such a behavior can be explained by assuming the existence of an
2
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incubation time (see Fig. 33): According to this assumption the crack tip would have to experi-

IRy AN

ence a supercritical stress intensity factor for a constant (very likely material related) minimum

time before onset of rapid crack propagation can occur. More data at varying loading rates are .;-."_'\?'::;'\.:
" : AT
N LAY
- necessary to verify this assumption. -:.:}':';'-}“*-:
o RN
AN :.-\.- > gy
< 4.1.2 Interaction of Multiple Cracks: Due to mutual interaction, the stress intensity factors K; he s;;i"r\i' £y
: of two parallel cracks under static loacing condition are smaller than the stress intensity factor Z,-:-::.
.“ g ..
‘:.: for an equivalent single crack. In addition a superimposed mode II loading results (see Fig. 34).
=
A Experiments were carried out to study the interaction of two parallel cracks under stress pulse
- loading (see Fig. 35). Shadow optical photographs and the resulting quantitative data are shown
- in Figs. 36 and 37 [27]. At very early times the crack which is hit by the tensile pulse first shows
oY
oy a similar behavior as the single crack, and the second crack is only less loaded. Some time later,
j-‘, however, the situation changes and the second crack exhibits the larger stress intensity factor.
~
j:- This process varies periodically. At larger times the average stress intensity factor of the parallel
.
L5 cracks is smaller than the one of the single crack, just as in the static case. This behavior is of
p
N, - significance for the fracture behavior of multiple crack configurations under dynamic loading
\1’
.,
;-', conditions.
19
- 4.1.3 Propagating Cracks: Problems are more complex for propagating cracks under time
:: dependent loading. Kanninen, et al. [28,29] analyzed the crack initiation and crack propagation
“
:;f behavior in precracked bend specimens under quasi-static and under impact loading conditions
2
. (see Fig. 38). Dynaruic fracture toughness values Kp(v) inferred from these tests were roughly a
-3 factor of two different [29]. This finding relates to the question of the uniqueness or non-
. uniqueness of K-v_curves and would be of great significance for the relevance of safety con-
‘N
siderations based on impact test data. The problem is addressed and further clarified in the con-
A
N tribution of M.F. Kanninen, in this volurae.
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4.2 Short Pulse Loading

The author and his colleagues at SRI-International studied the fracture behavior of cracks :_..:..c.....t
loaded by stress pulses of durations which are comparable or even smaller than the time it takes :{E&%&?
waves to travel the distance given by the crack length [30-32). If the puise duration is decreased E_S__EEEEE
below a certain limit,a stress intensity factor according to a simple o, /ra,-relationship does fl’_ ?i:t-r

not apply anymore. Instead the behavior is controlled by a rather complex stress intensity his-
tory (30]. The stress inteasity increases with time to a maximum value which is reached at the
end of the pulse; the stress intensity factor then drops off again. The maximum value is
0o /xag with a4 = c - T,, and 2 < a, T, is the pulse duration; ¢ is a wave speed.
Assuming that the crack has to experience a supercritical stress intensity factor for at least a cer-

tain minimum time in order to become unstable a short pulse fracture criterion was developed.

“ *r
o,

"’ f]
“_A

According to this criterion and the stress intensity history discussed above, higher critical stresses N .

<
are predicted to bring a crack to instability than in the equivalent static case. Furthermore, the ; Q: o ;\:‘
instability stresses should not depend on crack length. The general instability behavior of cracks ".‘:’;*
with different lengths subjected to different loading conditions, i.e., pulse amplitude and pulse ‘E*-:::"i.::
duration, is shown in a three-dimensional (¢,~a,—T,)-diagram, see Fig. 39, [30]. The short pulse :E’{E:S

Sl

fracture behavior is represented in the rear right section of the diagram. The front left regime
(long puise durations, short crack length) shows the usual static behavior. Short pulse fracture
experiments were performed by Shockey, et al. [31,32]. Cracks of different lengths in various
materials were subjected to stress pulses of different durations (see Figs. 40 and 41, and contribu-
tion of D.A. Shockey, et al. in this volume). The good agreement with the theoretical predictions

demonstrates the applicability of the developed short pulse fracture criterion.

5. CONCLUSIONS

. Several different problems in the field of fracture dynamics have been discussed. In many
cases the physical principles which control the dynamic event are well understood. So it is evi-

dent that dynamic processes as crack arrest, impact loading of cracks, short pulse loading of
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cracks, can accurately be described only by dynamic analyses. Static procedures can lead to
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erroneous results and are applicable only with restrictions. Some fundamental probiems in frac- =

ture dynamics, e.g.,the energy transfer at the tip of propagating cracks, the crack path stability,
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the applicability of a single parameter (K) description, the influence of far field effects, etc.,

seem to need further clarification from both the theoretical and the experimental point of view. »
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Dynamic instability data.

Figure 40.
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\ FRACTURE BEHAVIOR UNDER HIGH RATES OF
s LOADING

1. F. KALTHOFF
Fraunhoter-lnstitut fur Werkstottmechanik. Wohlerstrage 11, D-7800 Freiburg. Federal
Republic of Germany

Abstract—The fracture behavior under high rates of loading is investigated. Precracked spec-
imens made from the material Araldite B and a high-strength steel are loaded by impinging
projectites. The shadow optical technique in combination with high-speed photography s used
to investigate the stress history in the specimen and to measure the toughness of the material.
Onset of rapid crack propagation is obtained within loading times of 4 tew microseconds only.
i.e. at crack-tip loading rates higher than 10° MN-m* -« ' The fracture toughness measured
with Araldite B does not show a significant dependence on the loading rate. but the data meas-
ured with high-strength-steel specimens indicate a sharp increase of fracture toughness at loading
rates exceeding a certain limit. An attempt is made to explain the observed behuvior assuming
the existence of an incubation time for a crack to become unstable.

1. INTRODUCTION

N

: For MosT materials the fracture toughness measured under conditions of impact loading, K4,
: is lower than the static fracture toughness K,.. Due to rate effects the toughness decreases
. with increasing loading rate. This behavior is observed with intermediate loading rates as ob-
tained with the usual drop-weight test devices. But it is not a priori evident that the same
behavior applies for high loading rates as well. There are three possibilities as depicted in Fig.
1. (a) The impact fracture toughness continues to decrease with increasing loading rate. (b)
The impact fracture toughness reaches a certain minimum level and remains at this level at
higher loading rates. (¢) The impact fracture toughness reaches a minimum and increases again

. if the loading rate exceeds a certain limit.
Behavior (a) is not very realistic since this would imply that the impact fracture toughness
ultimately becomes zero. The existence of a minimum fracture toughness as in case (b) is more

o likely: Distocation movements reduce the stress concentration at the crack tip and lead to the
" formation of plastic zones around the crack tip. These plastic zones absorb energy before failure
- occurs and thus control the impact-fracture-toughness value. With increasing loading rate,
j however, the dislocation processes become less effective because of the finite velocities as-

sociated with dislocation movements. Consequently, at sufficiently high loading rates the dis-
B location processes cannot be activated at all, and a constant behavior should result from then

:» on for all higher loading rates. It is of course also possible that material processes of completely
’. different nature become effective at very high loading rates, causing an increase in impact
:- fracture toughness with increasing loading rate, as in case (¢). A determination as to which
.. behavior applies can only be made on the basis of experimental investigations.

'f',' In one of the earliest publications on this subject Eftis and Krafft[1] reported on dynamic-

. fracture-toughness data. The authors measured the impact fracture toughness K4 of mild steels
:’,- in drop-weight experiments but did not make any direct measurements at higher loading rates.

They measured the fracture toughness of propagating cracks instead and correlated the crack
:‘, velocity to the crack-tip loading rate obtained in impact experiments. Their measured increase
o in toughness for a propagating crack with increasing crack velocity, however. does not nec-
y essarily indicate that the same behavior applies for stationary cracks impacted at increasing

) levels of loading rate. The stress fields of propagating cracks and of stationary cracks under

-7 impact loading conditions are different[2. 3]. Furthermore. the physical processes which control
:: the energy balance in these two cases can also be very different.

Sl Direct measurements of the impact fracture toughness at high loading rates have been

:'. performed by other investigators, e.g. Shockey er al.[4, §], Costin et al.[6]. Klepaczko et al.[7.
e 8], Ravi-Chandar et al.[9]. etc. Different experimental techniques were applied to achieve very

: high loading rates. These include flyer-plate arrangements, split Hopkinson bars, electromag-
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Fig. 1. Possible behavior of impact fracture toughness on loading rate.

netic forces. and so on. A clear understanding of the dependence of the impact fracture tough-
ness on loading rates does not emerge from these results. The amount of data is limited and a
comparison of data obtained with different loading techniques, different materials, and different
evaluation procedures is difficult. Aithough for most data K,y < K. several resuits indicate
that above a certain loading rate the impact fracture toughness K4 will increase again{8-10].

This paper presents high-rate fracture-toughness data which were obtained under impact
loading conditions by directly evaluating the local crack-tip reaction at the instant of crack
instability. The loading device. the measuring technique and the evaluation procedure for de-
termining the impact fracture toughness are described. An attempt is made to explain the
observed behavior by modifying the usual static criterion for crack instability.

2. EXPERIMENTAL TECHNIQUES

Specimens are loaded by impinging projectiles to bring the cracks to instability within short
loading times. Shadow optical techniques in combination with high-speed photography are
utilized for monitoring the load history in the specimen and for measuring the crack-tip stress-
intensity factors as a function of time. Details of the techniques are described in the following
sections.

2.1 Loading technique and measuring procedure

SEN-type specimens of length L. and height H, are impacted by a projectile of length L,
= 0.5L, made from the same material as the specimen. The projectile with a circular cross-
section of diameter D,, is accelerated by a gas gun to velocities considerably higher than those
obtained in drop-weight experiments. The length of the initial cracks is « = 0.5H,. Specimens
made from two materials are tested. These are the epoxy resin Araldite B and the high-
strength maraging steel X2 NiCoMo 18 9 5. A schematic representation of the experimental
setup is given in Fig. 2. The absolute dimensions of the specimens and the projectiles used in
the experiments are given in Table 1.

When the projectile comes in contact with the edge of the specimen compressive waves
are generated which propagate into both the specimen and the projectile. These waves are
reflected at the free ends of the specimen and of the projectile, thereby changing into tensile
waves. Later on these reflected waves meet in the middle of the specimen plate, creating a
state of tensile stress, which rapidly increases with time and spreads across the entire specimen.
Due to subsequent reflection processes compressive stresses build up again at later times. The
total duration of the resulting tensile-stress phase is equal to the time for the stress waves to
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- Fig. 2. Experimental setup and shadow optical measuring arrangements in transmission and in

! reflection. ‘

r

N .

o make a round trip along the length of the projectile. The amplitude of the stress pulse is con- .

.- trolled by the impact velocity. The cracks are brought to instability within the carly phase of J .

- the tensile stress state when the stresses increase rapidly with time. St T A

i In order to examine whether the stress history in the specimen follows the above-described

expectations the shadow optical method of caustics is applied in preexperiments using small

~ holes drilled into the specimen as stress indicators. The shadow optical technique is also applied

:. in the main experiments for measuring the crack-tip stress-intensity factors at the instant of

:-.' crack instability, i.e. the impact fracture toughness. A brief description of the shadow optical

“ principle is given for a better understanding of results presented in Chapter 3.

~ 2.2 The shadow optical method of caustics

o The stress concentrations along the boundary of holes and at the tip of cracks result in

o local changes of the thickness of the specimen and also in changes of the refractive index of

-, the material when transparent specimens are considered. Consequently light rays of a parallel-

s light beam illuminating the specimen experience slight deviations from their original directions

E when traversing a transparent specimen or when being reflected at the mirrored front surface

5 of a nontransparent steel specimen. These deviations result in nonuniform light distributions

* in so-called reference planes or shadow planes, located at a distance z, behind or ahead of the

i specimen (see Fig. 2). These light distributions represent quantitative descriptions of the stress

-5 concentrations in the specimen. Reference planes located behind (ahead of) the specimen when

:. looking in observation direction of the camera are characterized by positive (negative) values

L

:, Table 1. Dimensions of the specimens and the projectiles

';'.: SPECIMEN PROJECTILE

. LENGTH HEIGHT  THICKNESS | LENGTH  DIAMETER

I\:. Lg. mm  Hg, mm tg,. mm Lp. mm Dp. mm

Be ARALDITE B 400 100 10 200 50

- STEEL 250 100 19 125 50
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of -y and vield virtual (reab) images (see Fig. 2). For a more detailed description of the physical
principles of the shadow optical method of caustics see [11].

Shadow optical pictures of a circular hole subjected to biaxiaf stresses p, ¢ with p # ¢ and
of a crack or a notch subjected to mode 1 tensile or compressive stresses are shown in Fig. 3.
Euach line represents the locus of deflected light rays. The light distributions have been nu-
merically calculated according to the shadow optical mapping equations[11]. The saume shadow
patterns can result for different registration arrangements. i.c. reflection or transmission. pos-
itive or negative values of the distance zo. The shadow areas (dark regions in Fig. 3) are
separated from the arcas of light concentration (high density of bright lines in Fig. 3) by sharply
bounded curves. called caustic curves. The size of the shadow pattern. i.e. the size of the
caustic curve. is quantitatively correlated to the corresponding stress concentration problem.
i.c. the stresses p. ¢ for the hole problem or the stress intensity factor K| for the crack problem.
With the maximum diameters D of the caustic curves defined in Fig. 3 Manogg|12] obtained

1.64 x 10}

- gl = — D*. (i

P~ dl zocden R” )
9.3 2 -

Ky = 234 X107 e (2)

ZoCderr
where

p.g = biaxial stresses.
R = radius of the hole.
K, = mode | stress-intensity factor.
-0 = distance between specimen and shadow plane.
D = maximum diameter of the caustic.
¢ = shadow optical constant of the material
= ~0.97 x 10 " m¥N for Araldite B in transmission
= 2u/E for all materials in reflection.
E = Young's modulus.
v = Pofsson’s ratio,
doy = effective thickness of the specimen
= « for transparent specimens
= d2 for nontransparent specimens in reflection.
d = physical thickness of the specimen.

The shadow optical light distributions presented in Fig. 3 and the resulting eqns (1), (2) have

I
T W
Sl il l28

p<a.T.2<0  p<a R 2,50
P>a.72,>0  p2q.R 2:0

K>0 T.2,<0 K0 R 2,70 | K<0. T 2.+ 0  K<OR z;-‘(#

Ki<0. 1. 2,>0 K«O R 2,<0 [ K>0 T 20,0 K>0 R 7.0
Loy e fen Y T E v Re N YL 1

Fig. 3. Shadow optical light distributions (calculatedr. 7 - transmission. B retlection.
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Fig. 4. High-speed series of shadow optical photographs. {a) Row of holes, (b) notch tip.

to be modified for practical applications. With optically anisotropic materials. e.g. Araldite B.

the single caustics split up into double caustics (see e.g. Figs. 4 and S). Furthermore, nonparallel

light beams require the application of appropriate scaling factors in (1) and (2). These and details

concerning the practical application of the shadow optical technique are given in [11].

In this context the following conclusions are of primary importance:

¢ For fixed-registration conditions shadow patterns around holes change their direction
when the loading stresses change sign. With transmission arrangements and 2, << 0 tensile
stresses generate a shadow pattern with its intersection pointing in the direction of the applied
stresses, whereas for compressive stresses the intersection is oriented perpendicular to the
direction of the applied stresses. The larger the caustic the larger the applied stress.

e The shadow pattern of a crack under mode 1 tensile loading observed in transmission n a
real reference plane (zo << 0) is the same as observed in reflection in a virtual reference plane
(zo = 0). In both cases a dark shadow spot is obtained. A notch under mode 1 compressive
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w

- loading under these registration conditions gencrates an arca of brightness bounded by a .

heart-shaped caustic curve. The maximum diameter of the dark shadow spot according to
eqn (2) is a quantitative measure of the crack-ip stress-intensity factor.

In order to register shadow optical pictures in dynamic situations at successive times a
Cranz—Schardin 24-spark high-speed camera is used in these investigations. The camera is
triggered by a signal obtained from a laser beam which is interrupted by the projectile before
it impinges upon the specimen.
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3. EXPERIMENTAL RESULTS

Preliminary experiments have been performed to determine the nature of the stress history
in the specimen. These investigations have been carried out with an Araldite B specimen con-
taining a series of 11 holes of 1 mm diam and 10 mm distance drilled into the specimen along
the longitudinal direction of the specimen (sce schematic representation in Fig. 2). A series of
24 shadow optical pictures photographed at successive times are reproduced in Fig. 4(a). The
recording times are given with each frame. The time at which compression changes into tension
has been set equal to zero in the figure.

The first pictures show the propagation of the compressive wave into the specimen (frames

.

S g

-~

o a e e -
LN B
.-AALL\

o 1-5) creating a rather uniformly distributed compressive stress field (frames 6-11). The com-
re pressive stresses then become smaller and change into tensile stresses. as is indicated by the
:'- change in the direction of the shadow patterns (frames 12-14). Within a relatively short time
:\ of about 50 ps the shadow patterns gain their maximum size. Uniformly distributed tensile

stresses are observed for the following time interval (frames 15-22); later on the stresses change

X %

i into compression again (frames 23-24). Further investigations with a row of holes oriented SR
~ along the transverse direction of the specimen also showed rather uniformly distributed stresses wada
o SRRy
e :‘.-_' Y

[}
« ¢

ree

BAATY )\

'

K%

ALY

e o )
‘»;"J o

Fig. 5. High-speed series of shadow optical photographs obtained with an Araldite B specimen
in a transmission arrangement for 2o < 0.
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m this direction. particular at later times during the event. i.e. during the tension phase.

The formation of crack-tip caustics under these loading conditions has been investigated
in another experiment (sec Fig. 4(b. A single odge notch instead of a sharp crack has been
utilized in this investigation to allow for compressive stress concentrations 1o build up at the
notch up. According 10 expectations (compare with Fig. 3b) a compressive noteh-tip shadow
pattern is observed during loading in the compressive stress phase (7 < 0) which then changes
into tensile shadow patterns after the applied stress has changed into tension (¢ > ¢). The
observed tensile-noteh-tip shadow patterns show a slight asymmetry. resulting from disturb-
ances of the compressive stress pulse when traversing the notched part of the specimen. These
disturbances do not occur in the main experiments since a sharp crack is able to transmit the
compressive stresses. In fact, in the main experiments sawed-in notches have also been used.,
only at their tips they had been extended through a short distance by precracking. But a thin
plate having a thickness equal to the width of the saw cut had been inserted into the notch to
allow for the transmission of the compressive stresses.

Main experiments with precracked specimens made from the two materials Araldite B and
high-strength steel have been performed to measure the impact fracture toughness. Figure S
shows a series of shadow optical photographs observed with an Araldite B specimen in a
transmission arrangement for z, < 0. Figure 6 shows equivalent photographs observed with a
high-strength-steel specimen in a reflection arrangement for -, > 0. The crack-tip caustics
indicate an undisturbed mode | loading of the crack. The growth in crack length and waves
emanating form the crack tip (in particular with the steel experiments. Fig. 6) define the instant
of crack instability.

Quanitative data on the measured times to fracture are shown in Fig. 7. The time to tracture
is defined as the time interval from the beginning of the tensile-ioading phase to onset of rapid
crack propagation. The impact velocity was varied from about {0 m/s to 40 m/s for Araldite B
and to 80 m's for steel. Higher impact velocities could not be used due to experimental diffi-
culties: Damage occured at the contact area between the projectile and the specimen. Fur-
thermore. disturbances showed up in the shadow optical photographs resulting from stress
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Fig. 7. Times to fracture measured with specimens made from Araldite B and a high-strength
sleel.
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waves generated by the impact process. In spite of these limitations in impact velocity times ST
to fracture down to 7 s in the Araldite B experiments and down to 6 s in the high-strength- :.:-:.~:‘:~:.r:-.-
- steel experiments were obtained. These times are extremely short for cracks of S0 mm length, ~.:\::\:-{:\':
(Sl Gt Wt Y

as becomes evident by a comparison with the distances that longitudinal waves would travel
within these times, i.e. 18 mm in Araldite B and 35 mm in steel.

s Impact-fracture toughness data measured from the size of the caustics at the instant of ‘
. crack instability are shown in Fig. 8 for the material Araldite B and in Fig. 9 for high-strength >
. 4
. ]
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Fig. 9. Dependence of impact fracture toughness on time to fracture for a high-strength steel.
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steel. For comparison data obtained at lower loading rates and at quasi-static loading conditions
are also shown. These data were measured by the author and his colleagues with fast-tension
tests{ 13}, drop-weight tests| 14], and precracked Charpy tests{13]. The shadow optical method
was used in most of these experiments for setermining the impact fracture toughness. With
Charpy specimens. however, the concept of impact response curves|15] was applied.

The obtained results are quite different for the two materials investigated. Within the time
range considered the impact fracture toughness data measured with Araldite B do not show a
significant dependence on loading rate. The data are scattered around a value which is identical
with the static fracture toughness K. of the material. On the other hand. the impact-fracture-
toughness data for the steel X2 NiCoMo 189 5 are strongly dependent on the loading rate. For
times to fracture in the range of 10 us the measured fracture toughnesses are smaller than those
at larger times to fracture. Furthermore. data measured at times to fracture below 10 us show
a sharply increasing trend. Impact-fracture-toughness values measured at 6 ps become even
larger than the static-fracture-toughness value K;.. Although the data necessarily show a large
scatter due to the limited time resolution of the high-speed camera (i.e. | us) the trend in the
shadow optical data is very pronounced and far beyond any uncertainties due to experimental
scatter. At loading rates above a certain limit the impact fracture toughness of this steel ob-
viously increases with increasing loading rate.

4. SUMMARY OF CONCLUSIONS AND DISCUSSIONS

Projectile loading of precracked SEN-type specimens provides an appropriate experimental
tool for achieving very high loading rates. An undisturbed mode I tensile loading of the cracks
is obtained. Onset of rapid crack propagation is observed within loading times of a few mi-
croseconds only. For steel these times correspond to crack-tip loading rates K, in excess of
10" MN-m*?.s "', The fracture toughness data measured with Araldite B specimens do not
show a significant dependence on the loading rate. But the fracture toughness data measured
with high-strength-steel specimens indicate a sharp increase of fracture toughness at loading
rates exceeding a certain limit.
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Fig. 10. Influence of the incubation time on the instability behavior of cracks for different rates
of loading.
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Such an increase of the impact fracture toughness with decreasing time to fracture can be
explained it the usual static instability criterion is modificd by assuming the existence of an
incubation time. as is illustrated in Fig. 10: According 1o this assumption the crack tip would
have to experience a supercritical stress-intensity fuctor Ky > K, for a certain minimum period
of time before onset of rapid crack propagation can occur. This time interval is called the
incubation time. It is very likely that this time is related to certain material processes and.
therefore. is different for different materials. If the stress-intensity factor A" increases slowly
with time the delay in instability due to this incubation time is negligible. Consequently the
critical stress-intensity factor for the onset of rapid crack propagation K,y would be practically
the same as the value K ;,. However. if the slope of the K "(¢) curve is very steep then the
stress-intensity factor will increase significantly within the incubation time. Thus the critical
stress-intensity factor for the onset of rapid crack propagation. Ky. would be considerably
larger than the value K_,... Consequently, impact-fracture-toughness values determined from
measurements taken at the onset of rapid crack propagation would increase with decreasing
time to fracture, i.e. with increasing loading rate. The data presented in Figs. 8 and 9 for the
two materials investigated appear to indicate that the incubation time for Araldite B is consid-
erably smaller than that for steel.

It should be emphasized that although the concept of the incubation time explains the
experimental observations presented here. this does not necessarily imply that it is the only
explanation. The existence of the incubation time is a hypothetical assumption. An explanation
on the physical background of the incubation time is not presented. The validity of the concept
must be tested through further experiments with a variety of materials and through theoretical
modeling and analysis of the material and mechanical processes that may occur near the crack
tip at such high loading rates.
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